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Interaction of pig muscle lactate dehydrogenase (LDH) with acidic phospholipids is strongly dependent on pH and is most efficient at pH
values <6.5. The interaction is ionic strength sensitive and is not observed when bilayer structures are disrupted by detergents. Bilayers made of
phosphatidylcholine (PC) do not bind the enzyme. The LDH interaction with mixed composition bilayers phosphatidylserine/phosphatidylcholine
(PS/PC) and cardiolipin/phosphatidylcholine (CL/PC) leads to dramatic changes in the specific activity of the enzyme above a threshold of acidic
phospholipid concentration likely when a necessary surface charge density is achieved. The threshold is dependent on the kind of phospholipid.
Cardiolipin (CL) is much more effective compared to phosphatidylserine, which is explained as an effect of availability of both phosphate groups
in a CL molecule for interaction with the enzyme. A requirement of more than one binding point on the enzyme molecule for the modification of
the specific activity is postulated and discussed. Changes in CD spectra induced by the presence of CL and PS vesicles evidence modification of
the conformational state of the protein molecules. In vivo qualitative as well as quantitative phospholipid composition of membrane binding sites
for LDH molecules would be crucial for the yield of the binding and its consequences for the enzyme activity in the conditions of lowered pH.
© 2006 Elsevier B.V. All rights reserved.Keywords: Lipid–protein interaction; Lactate dehydrogenase; Acidic phospholipids; Phosphatidylserine; Cardiolipin1. Introduction
Lactate dehydrogenase (LDH, EC 1.1.1.27) catalyzes the
reduction/oxidation reaction between pyruvate and lactate and
is involved in the glycolytic pathway, especially in the situation
when anaerobic conditions arise. Until recently, LDH used to be
considered as a representative of cytosolic enzymes, which have
been shown to be able in vitro to bind reversibly to cellular
membrane fractions and to some components of cytoskeleton
[1–9]. Quite recently, membrane location of this enzyme in
intact human red blood cells has been evidenced by immunos-
taining and confocal microscopy studies [10]. Assuming the
domain structure of membranes, the surfaces of specific
phospholipid domains in cell membranes are considered as
possible effective binding sites for the enzyme. It is particularly⁎ Corresponding author. Tel./fax: +48 71 3756279.
E-mail address: gutowicz@microb.uni.wroc.pl (J. Gutowicz).
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doi:10.1016/j.bbamem.2006.02.013interesting in the light of the generally accepted fact that the
cytosolic surface of plasma membranes is enriched in acidic
phospholipids, which have been suggested to form phospho-
lipid binding sites for peripheral membrane proteins via
electrostatic interactions [11–13]. Possible physiological rele-
vance of LDH (as well some other glycolytic enzymes)
association with membranes is still unclear and controversial.
The binding may provide a further post-translational mecha-
nism of enzyme regulation sensitive to local conditions if the
bound and unbound forms of an enzyme differ in the catalytic
activity. Acidification of the environment would promote the
binding of non-acidic proteins. Local pH in cell compartments
differs markedly from measurable bulk pH. For example,
acidification of the environment has been evidenced locally in
cytosol close to the membrane in yeast cells [14]. Well-known
examples of non-enzymatic proteins of different functions able
to interact with acidic phospholipids below pH 6.0 are insulin
[15] and alfa-lactalbumin [16].
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with phospholipid sites may play a role in molecular
mechanisms in some pathological processes where the
metabolism of a cell and its internal environment are altered.
This is a case in cancer cells where the phospholipid and fatty
acid residue composition of their membranes is changed [17].
Tumor cell membranes usually contain a higher content of
anionic phospholipids. In human breast cancer cells the
amount of phospholipids increases 3.6 times compared to
that in healthy cells [18]. Also, in plasma membranes of
Alzheimer disease brain cells from different regions of the
brain, the level of serine glycerolphospholipids is significantly
higher than that in control brains [19]. It is a well-known fact
that in cancer tissue a dramatic increase in glycolysis is
observed, which is likely induced by increased hypoxia and
increase need for ATP generation [20,21]. The mechanisms of
tumor acidity have not been solved in detail. However, it is
known that in hypoxia the enhanced production of lactate,
catalyzed by LDH, is one of the main metabolic paths [22], as
well as that oxidative stress decreases the Na+/H+ antiporter
activity of a cell [23], which results in the lowering the pH of
the cytosol [24].
Also, acidification of the environment is related to virus
infection. It has been shown, for example, that the infection of
host cells by the Sendai virus occurs by a direct fusion of its
envelope with the cell plasma membrane, which is most
effective at a high H+ concentration in intercellular medium
[25]. The infection causes a reversible impairment of the Na+/
H+ antiporter lowering of pH in cytosol [26]. LDH has already
shown to bind to lipid bilayers containing anionic phospholipids
[27–30]. In addition, LDH is an enzyme retaining high activity
also at low pH values [29].
Our work was aimed at the investigation of its interaction
with phospholipids in such conditions. Lipid bilayers contain-
ing anionic phospholipids, and thus bearing net negative
charge in a broad pH range, provide a good simplified
adsorptive model system for studies of the mechanisms of such
types of binding and its consequences. For a detailed
investigation of the influence of different structures and
different numbers of negatively ionized groups of the used
lipids on the binding, in this work, we compared interaction of
pig muscle LDH with phosphatidylserine- and cardiolipin-
containing liposomes. The interaction was studied using
ultracentrifugation and the enzyme activity and its native
tryptophanyl fluorescence measurements. Possible occurrence
of conformational changes in the protein molecule upon the
interaction has been checked by using UV circular dichroism
spectroscopy. Phosphatidylserine (PS) and cardiolipin (CL) are
acidic membrane phospholipids which differ markedly from
each other in their functional role, structure and number of
ionic groups and hydrocarbon chains. A cardiolipin (dipho-
sphatidylglycerol) molecule contains three moieties of glycer-
ol, four fatty acid chains and two phosphate groups. The
molecular mass and size of CL are approximately two times
bigger than those of PS. In aqueous dispersions both
phospholipids form bilayers, although cardiolipin shows an
ability to form non-bilayer hexagonal phases depending onspecific environmental conditions (molar concentration of
NaCl, or millimolar Ca2+) and on the saturation degree of its
fatty acids [31–34].
2. Materials and methods
2.1. Chemicals
Pyruvate, NADH and Tween-20 were purchased from Roche Molecular
Biochemicals (Germany). 2-Morpholinoethanesulfonic acid (MES) was from
SERVA (Germany). All other chemicals were from Sigma-Aldrich and were of
analytical grade.
2.2. Enzyme
Skeletal muscle lactate dehydrogenase preparation, from pig muscle, was
obtained commercially from Roche Molecular Biochemicals as a suspension in
3.2 M ammonium sulphate solution. For the experiments the suspension was
centrifuged down and the pellet was dissolved in 100 mM Tris–HCl, 0.2 mM
EDTA buffer (of adjusted pH) and dialysed exhaustively against the buffer at a
temperature of 5 °C. This procedure produced the apo-form of the enzyme; the
A280/A260 ratio value was about 1.8. Only those preparations of the dialyzed
enzyme whose specific activity in the standard conditions (pH=7.5) was not
lower than 500 U/mg protein were used for the study.
2.3. Protein determination and the enzyme assay
Protein concentration was determined by the method of Bradford [35] using
a Bio-Rad Protein Assay kit, Bio-Rad (Germany). Bovine serum albumin was
used as a standard protein. Lactate dehydrogenase activity was assayed by the
modified method of Bergmeyer et al. [36], using sodium pyruvate as a substrate
and spectrophotometrical monitoring of the decrease in absorbance at 340 nm
(changes of NADH concentration). The assay sample contained 0.2 mM NADH
and 3 mM sodium pyruvate in 100 mMMES/NaOH, 0.2 mM EDTA or 100 mM
Tris–HCl, 0.2 mM EDTA buffer of appropriate pH values. The reaction was
started by addition of the mixture of both substrates (NADH and pyruvate) to the
sample. All assays were performed at a temperature of 25 °C. The assays in the
presence of phospholipids were started after a 5-min pre-incubation at 25 °C and
run at the same temperature. In all assay samples, the concentration of the
enzyme was 1.5 nM. One unit of LDH activity (U) represents the amount of the
enzyme which converts 1 μmole of coenzyme per min under the assay
conditions. Each point in the presented plots represents an average of the assays
of at least four separate samples. Determinations with variations less than 10%
were taken into consideration.
2.4. Lipids and liposomes
The preparations of natural, bovine phosphatidylserine (PS), cardiolipin
(CL) and phosphatidylcholine (PC) were purchased from Avanti Polar Lipids,
Inc. (USA), and were stored as chloroform solutions. The concentration of
phospholipid was assayed by the procedure according to Bartlett [37]. Aqueous
suspensions of the phospholipids or of the mixtures with PC were prepared
according to the following protocol. An appropriate volume of the lipid solution
or lipid mixture was dried under a stream of nitrogen to the moment when a lipid
film appeared on the tube wall. Next, drying of the sample/s was continued
under vacuum for at least two h. The dried phospholipids were hydrated with an
appropriate volume of 100 mMMES/NaOH, 0.2 mM EDTA buffer, pH 5.5, and
mechanically shaken. Finally, the suspension was subjected to 25 passes through
two polycarbonate membrane filters with 100 nm size pores (Corning Costar
Corporation, MA, USA), installed in tandem. This procedure produces
transparent samples of anionic phospholipid liposomes while the liposomes
made of PC alone or of PL/PC mixture shows some turbidity dependent on PC
content. According to the method described elsewhere [38,39] unilamellar
vesicles of an approximately 100 nm diameter are formed.
The preparations of liposomes were stable in entire pH range studied. No
sedimentation was observed during their storage up to several days as well as no
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the samples freshly prepared (up 2 days) were used.
2.5. Ultracentrifugation
Centrifugation of mixtures of liposomes and lactate dehydrogenase buffered
with 100 mM MES/NaOH or 100 mM Tris–HCl with 0.2 mM EDTAwas used
for the binding studies. The phospholipid liposomes and the enzyme solution
were mixed in centrifuge tubes, pre-incubated for 5 min at 25 °C and then
centrifuged at 105,000×g for 30 min at 5 °C. At these conditions, liposomes and
a liposome–protein complex were pelleted while the protein alone was not.
Samples of the supernatants were carefully transferred to separate tubes and the
protein and phospholipids were determined. The final concentration of LDH in
the centrifugation tube was 0.5 μM or variable in the titration experiment. In the
control samples of the enzyme without liposomes no decrease in protein
concentration was observed after centrifugation for each pH value studied. Each
point in the presented plots in Figs. 1–3 represents an average of the assays of at
least four separate samples. Determinations with variations less than 10% were
taken into consideration.
2.6. Fluorescence measurements
In our previous studies, we had shown that the overall tryptophanyl
fluorescence was a parameter sensitive to the interaction of LDH with
phospholipids [30]. The protein intrinsic fluorescence excited at 295 nm was
used to monitor the interaction. Excitation at this wavelength value arises
practically only from tryptophanyl residues in a protein since the light
absorption bands of other natural protein fluorophores (tyrosine and
phenyloalanine residues) do not overlap with the band for tryptophanyl residues
in the wavelength value [40]. All fluorescence measurements were performed at
25 °C after a 5-min pre-incubation of the samples also at 25 °C, on a
luminescence spectrophotometer Hitachi F-4500 equipped with a thermostatted
sample holder. In all fluorescence measurements the concentration of LDH was
0.2 μM. Buffers used in the fluorescence experiments were the same as for
activity and centrifugation studies. Some weak turbidity of the liposomes
yielded a small background in the fluorescence spectra at the concentrations
used. These background values were deducted from the spectra.Fig. 1. Centrifugation studies of adsorption of LDH on PS (○,●) or CL (△,▲) lipos
(closed symbols) of 0.2 mM NADH. LDH concentration was 0.5 μM and the enzym
0.2 mM EDTA and Tris–HCl, 0.2 mM EDTA buffers were used. After a 5-min
(105,000×g) at 4 °C.Each point in the presented plots represents an average of the assays of at
least four separate samples. Determinations with variations less than 10% were
taken into consideration.
2.7. CD measurements
CD spectra were recorded on a Jasco J-600 spectropolarimeter (Japan), at
25 °C, in 15 mM phosphate buffer, pH=5.5. Concentration of the protein was
0.5 μM. Spectra were measured for the protein alone and in the presence of CL
and PS liposomes, with the protein:lipid molar ratio of 1:100. Each spectrum
represents the average of at least three scans. The data are presented as mean
residue elipticity [θ].3. Results and discussion
Binding of LDH with liposomes was indirectly evidenced
using ultracentrifugation. When PS and CL liposomes in the
presence of LDHwere centrifuged at 105,000×g, the enzyme co-
precipitated with the liposomes effectively below pH=6.5 and at
NaCl concentrations of 50 mM and 150 mM for PS and CL,
respectively (at pH=5.5), as shown in Figs. 1 and 2. The data
were not affected when NADH at a concentration range 0.2–
2 mM was present in the mixture (Fig. 1). The enzyme did not
co-precipitate with PC liposomes (not shown). PS and CL in a
mixture with neutral PC went to the pellet almost completely at
pH≤6.0 for the liposomes containing more than 10 and 20 mol
% of CL and PS, respectively (Fig. 3). To obtain a titration curve,
the given amounts of the phospholipids with increasing
concentration of LDH were centrifuged. From the titration
curve for pH=5.5 the binding data: Kd and stoichiometry of
centrifugable phospholipid/protein complex were calculated.
The obtained values were: Kd=0.7±0.58×10
−7 M for CL andomes at different pH values in the absence (opened symbols) and in the presence
e/phospholipid molar ratio was 1:100. For the experiment 100 mMMES/NaOH,
incubation at 25 °C, the LDH/liposomes mixture was centrifuged for 30 min
Fig. 2. Centrifugation studies of adsorption of LDH on PS (●) or CL (▲) liposomes at different NaCl concentrations. LDH concentration was 0.5 μM and the enzyme/
phospholipid molar ratio was 1:100. For the experiment 100 mM MES/NaOH, 0.2 mM EDTA, pH=5.5 buffer was used. Other conditions as in Fig. 1.
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−7 M for PS. These values indicate that the
affinity of the binding is relatively high. They are situated in the
range of values between that for phospholipase A2 bound to
DPPC large unilamelar vesicles (10−6 M) [41] and the values for
glycolytic enzyme glyceraldehyde-3-phosphate dehydrogenase
bound to red blood cell membrane band 3 protein (10−8 M) [42] .
Molar lipid/protein ratios in pellet in saturation conditions wereFig. 3. Centrifugation studies of adsorption of LDH on liposomes containing PC an
mixtures. (▲) Liposomes made of PC/CL mixtures. LDH concentration was 0.5 μ
liposomes made of PC, only the ratio was 1:5000. For the experiment 100 mMMES/N
the mixtures of LDH with liposome suspension were centrifuged for 30 min (1050013.77±2.55 and 6.25±1.29 for PS/LDH and CL/LDH,
respectively. The standard deviations were calculated from
five repeated experiments. The stoichiometry correlates with the
double negative charge of the CL molecule. If it is assumed that
the complex is formed by electrostatic adsorption on the surface
of bilayer walls of the vesicles the obtained ratio values are
unexpectedly low. In liposome–protein complexes, theird acidic phospholipid in different proportions. (●) Liposomes made of PC/PS
M and the enzyme/acidic phospholipid molar ratio was 1:100. In the sample
aOH, 0.2 mM EDTA, pH 5.5 buffer was used. After a 5-min incubation at 25 °C
0×g) at 4 °C.
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properties of liposomes and does not reflect any specific lipid–
protein stoichiometry. Phospholipids in water form vesicles with
bilayer walls, therefore somemolecules are not accessible for the
interaction and the number of accessible molecules depends on
the type and size of liposomes. Aggregation of the protein,
induced by the interaction with the phospholipids would be a
possible explanation of the results. The phenomenon of the
aggregation of various proteins induced by the interaction with
PS has been shown by Zhao et al. [43].
The specific activity of LDH is sensitive to pH as well. The
pH optimum for the activity is around a value of 7.5. The
activity of LDH decreases with decreasing pH (curves 1 in Fig.
4A and B). Besides titrating of ionized groups in protein
molecules, the decrease in pH has been found to result in
destabilization of LDH quaternary structure by dissociating the
tetramers to dimers. Tetramer–dimer conversion occurs within a
min of adjusting the pH of LDH solution from 7 to 5 [44]. The
dimers retain full activity [45]. Under the conditions of the
assay, we have tetramers, as nicotinamide-adenine dinucleotide
(NADH or/and NAD) which must be present in the activity
assay solution, have been shown to stabilize the tetramers even
at pH=5.0 [44]. The presence of phosphatidylserine (PS) and
cardiolipin (CL) aqueous suspensions alters the dependence of
the activity on pH as shown in Fig. 4A and B (lines 2–4), while
again the presence of phosphatidylcholine (PC) is ineffective in
the studied range of pH (not shown). The highest decrease of the
enzyme specific activity is observed at pH=5.5 for the
liposomes of both anionic phospholipids. The observed effect
induced by the phospholipids is diminished with increasing pH.Fig. 4. The dependence of the inhibition of LDH specific activity by phosphatidylse
1.5 nM. Phospholipid concentrations: (1) no phospholipid; (2) 0.25 μM; (3) 2.5 μM; (
100 mM Tris–HCl, 0.2 mM EDTA for pH 7–8. The control was the activity of theAbove pH=6.5 for PS and pH=7.0 for CL, for the studied
phospholipid range of concentrations, the inhibition can be
practically neglected. The effect of CL, however similar, is
much stronger and the fully inhibiting concentrations of CL and
PS differ almost one order of magnitude from each other. Such a
big difference in effects of the two types of phospholipids is not
explainable simply by the difference in the charge values of PS
and CL. In an aqueous environment at pH values ≥3.5 both
phospholipids become net negatively charged because of the
protonation/deprotonation balance of ionizable groups [46], but
the charge of CL is not double compared to PS. The two
phosphate groups of CL have different chemical environments
and hence different values of acidity: pKa
1 =2.8 and pKa
2 >7.5
[47]. The high value of pKa (weak acidity) of the latter
phosphate group is a result of formation of a hydrogen bond
with the central hydroxyl group and formation of a specific
configuration [47,48]. Therefore, no electrostatic binding
produced by this group should be expected unless the group
is modified by interaction/binding with the other one. The
differences in effectiveness between the two classes of
phospholipids are more likely due to differences in chemical
structure. The isoelectric point of the enzyme is within the range
of 8.6–9.6 [49–51]. Therefore the enzyme molecules bear
negative net charge within the entire range of pH studied here. It
is clear from this experiment that the observed changes in the
enzyme activity correlate well with the binding of the protein to
the liposomes evidenced from the centrifugation experiments,
and the reversibility of the changes with increasing pH reflects
the reversibility of the protein–liposome binding. This is in
agreement with the generally accepted idea that electrostaticrine (A) and cardiolipin (B) on pH. Concentration of LDH in each sample was
4) 25 μM. Buffers used: 100 mMMES/NaOH, 0.2 mM EDTA for pH 5–6.5 and
sample without phospholipid at pH 7.5.
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Negative charge of phospholipid increases with increasing pH
and the balance between positive and negative charge on protein
molecules is shifted toward negative charge as well. For further
experiments, we chose a value of pH=5.5, as in the range of pH
6.5–5.5 the enzyme activity is constant and at these pH values
the highest effect of liposomes of both anionic phospholipids is
observed. In this pH range Vmax is lowered while Km is
unchanged in the presence of PS or CL liposomes for the both
substrates of the enzyme (NADH and pyruvate).
As expected for ionic interactions, the phospholipid–LDH
interaction is also sensitive to ionic strength (Fig. 5). However,
some specific effect of salt on the enzyme overlaps the effect of
dissociation of the binding. The enzyme alone at a low salt
concentration shows about half of its full specific activity at
pH=5.5 and reaches the optimal activity at the concentration of
NaCl higher than 100 mM. At low ionic strength, the studied
phospholipids effectively lower the enzyme activity and also
prevent this activity from being recovered by increasing ionic
strength to threshold values. Then, the inhibition is diminished
with increasing ionic strength and the enzyme activity is fully
recovered at an NaCl concentration of about 150 mM and
400 mM for PS and CL liposomes, respectively. The curves
likely reflect overlapping of two effects: 1) increasing activity
with the increase in ionic strength and 2) dissociation of the
ionic bonds with increasing ionic strength.
To compare the inhibitory effectiveness of the studied
phospholipids, we measured the specific activity of the enzyme
as a function of the concentration of phospholipids, and
concentration values for the half-inhibition (IC50) wereFig. 5. The dependence of the specific activity of LDH on salt concentration. LD
Phospholipid concentrations: (■) no phospholipid; (●) 5 μMPS; (▲) 5 μMCL. Buffe
sample without phospholipid, containing 150 mM NaCl, was assumed as 100%.determined from the curves 1 in Fig. 6A and B. The IC50
values are shown in Table 1. Again, it can be seen that CL
liposomes are more effective than those of PS. The small value
of IC50 for CL alone suspensions may suggest a possibility of
contribution of non-vesicle particles (micelles, single mole-
cules) to this effect. The possibility that phospholipid structures
other than liposomes can be agents inactivating the enzyme was
excluded by an experiment with Tween 20. Gradual addition of
Tween 20 resulted in shifts of the equilibrium of phospholipid
structures toward more soluble micelles, and this restored the
enzyme specific activity depending on the detergent/lipid molar
ratio for PS and CL in the same manner (Fig. 7). The activity of
LDH in the presence of Tween 20 (without the phospholipids)
was not altered at the used concentration of the detergent
(control). These results clearly indicate that bilayer-type
structures are crucial for the interaction for both phospholipids.
The necessity of the bilayer structure for the observed effects
was also evidenced for PS by similar experiments in our
previous work [29,30]. Liposomes made of PC (neutral in a
broad range of pH) do not change the enzyme activity up to
millimolar lipid concentrations in a range of pH 5.0–8.0.
Liposomes made of PC/PS and PC/CL mixtures of various
molar proportions represent various charge density values on
their surface. They decrease the activity as shown in Fig. 6A and
B, curves 2–8. The individual curves in these figures represent
various PC:CL and PC:PS molar ratios. First of all, as expected,
the PC/CL liposomes were much more effective compared to
the PC/PS ones. CL concentrations produced comparable effect
at more than an order of magnitude lower concentration. The
“dilution” of PS or CL by increasing PC contents in the bilayersH alone (■), LDH+PS (●), LDH+CL (▲). LDH concentration was 1.5 nM.
r: 100 mMMES/NaOH, 0.2 mMEDTA, pH=5.5. The value of the activity of the
Fig. 6. The dependence of LDH specific activity on the concentration of PS in the PS/PC mixture (A) and of CL in the CL/PC mixture (B). PS (A) or CL (B)
concentrations: (1) control sample, 100 mol% PL (no PC); (2) molar ratio PC/PL=3 (25 mol% PL); (3) molar ratio PC/PL=4 (20 mol% PL); (4) molar ratio PC/PL=5
(16.7 mol% PL); (5) molar ratio PC/PL=7 (12.5 mol% PL); (6) molar ratio PC/PL=10 (9.1 mol% PL); (7) molar ratio PC/PL=20 (4.76 mol% PL); (8) molar ratio PC/
PL=100 (0.99 mol% PL). (PL=PS or CL). The concentration of LDH in each sample was 1.5 nM, and the samples were buffered with 100 mMMES/NaOH, 0.2 mM
EDTA, pH 5.5. For other details, see Materials and methods.
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overall concentration of the effective phospholipid was retained.
Even though very effective overall concentration values of
anionic phospholipids (5 μM and 0.2 μM for PS and CL,
respectively) were used, no marked effects were observed when
PC:PS and PC:CL values exceeded 7:1. Probably two or more
binding sites per protein molecule are necessary for the activity
modification, and that is why an appropriate charge density on
the bilayer surface is important. Possibly, CL could provide two
negatively charged groups in an appropriate configuration and
distance for such a two-point interaction, if we assume that the
interaction induces acidity of the second phosphate group in
CL. This would explain the high effectiveness of cardiolipin.
The interaction was confirmed by our measurements of the
enzyme's native fluorescence spectrum (not shown). In the
fluorescence study we could not use exactly the same conditions
for the following reasons. The native fluorescence of the
enzyme is mostly reduced because of quenching by NADH/
NAD as a result of excitation energy transfer between
tryptophanyl and nicotinamide fluorophores and conformation-
al changes [40], and the native fluorescence of such a smallTable 1
Values of the phospholipid concentration that decrease the enzyme specific




Experimental conditions as in the legend to Fig. 6.amount of the enzyme as used in the assay is not detectable.
Therefore, during the fluorescence experiments the apoenzyme
was used. Addition of anionic phospholipid liposomes resulted
in the lowering of the fluorescence intensity without changes in
λmax of the fluorescence emission spectra of the enzyme.
The dependence of the enzyme fluorescence on pH is shown
in Fig. 8. It correlates well with the data for centrifugation (Fig.
1) and activity experiments (Fig. 4). Tryptophanyl fluorescence
of the apoenzyme is quenched in the presence of both
phospholipids alone and in the mixture with PC, and again
the cardiolipin suspension is more effective but the difference is
not as high as for the specific activity. Suspensions of PC do not
affect the enzyme fluorescence. The quenching monotonically
increases with increasing anionic phospholipid concentration
(the anionic phospholipid/protein ratio as well). The effective-
ness of fluorescence quenching is lower in the case of anionic
phospholipid mixed with PC. However, the shape of the curves
is quite similar (not shown). The quenching can be reversed
similarly to the inhibition of the activity when the pH (Fig. 8)
and ionic strength increase. Thus, the alteration of both the
activity and native tryptophanyl fluorescence of the protein
proves and reflects the binding of the holo- and apoenzyme.
The comparison of the effects on the activity and
fluorescence of LDH for the liposomes made of a PC/anionic
phospholipid mixture is shown in Fig. 9A and B. The
concentration of PS and CL in all the samples was kept
constant and it was high enough for effective inhibition and
fluorescence quenching of the enzyme in the case when the
anionic phospholipids were only component of the bilayer. In
Fig. 7. The effect of the nonionic detergent Tween 20 on the inhibition of LDH specific activity by PS (●) and CL (▲). Phospholipid concentrations in each sample
were 1.25 μM and 0.130 μM for PS and CL, respectively. Tween 20 concentration varied. LDH concentration was 1.5 nM. Samples were buffered with 50 mMMES/
NaOH, 0.2 mM EDTA, pH 5.5.
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might occur in phospholipid mixtures as a reason of the
observed sharp changes in slope of the curves. The preparations
of natural PC, PS and CL that were used were miscible. No
phase segregation in similar phospholipid mixtures of broadFig. 8. The dependence of the quenching of tryptophanyl fluorescence of LDH on pH
alone, 2, 3-PS/LDH molar ratio: 40, 200; (B) 1-LDH alone, 2, 3-CL/LDH molar ratio
0.2 mM EDTA and Tris–HCl, 0.2 mM EDTA buffers pH 5.5, and LDH at a co
(λexc=295 nm) were shown as the percent of a control. The control was the fluoresrange of molar ratio was observed in the studies elsewhere
[16,52]. Besides, the fluorescence quenching and activity
change curves (1 and 2 in the figures) for each of anionic
phospholipids studied are not exactly parallel to each other. The
activity of the enzyme, contrary to the fluorescence, needs toin the absence and in the presence of an acidic phospholipid. Plots: (A) 1-LDH
: 40, 200. The experiment was performed at 25 °C, using 100 mMMES/NaOH,
ncentration of 0.20 μM. The values of the maximal fluorescence at 345 nm
cence of the sample containing LDH alone in the buffer pH 7.5.
Fig. 9. The dependence of the specific activity and the tryptophanyl fluorescence of LDH on the PC/PS (A) and PC/CL (B) molar ratio at a constant concentration of PS
or CL. The concentration values of PS in all the samples were 5 μM and 40 μM, for the activity and fluorescence studies, respectively (A). The concentration values of
CL in all the samples were 0.20 μM and 8 μM, for the activity and fluorescence studies, respectively (B). The anionic phospholipid/protein molar ratios were the same
in all the samples for the fluorescence studies, and were 200 and 40 for PS and CL, respectively. The protein (LDH ) concentrations in all the samples for the activity
and fluorescence studies were 1.5 nM and 0.20 μM, respectively. Buffer: 100 mMMES/NaOH, 0.2 mM EDTA, pH 5.5. For other details see Materials and methods.
141G. Terlecki et al. / Biochimica et Biophysica Acta 1758 (2006) 133–144reach a threshold value of the density of anionic phospholipid
in the mixture for alteration. The fluorescence is affected
even though the molar proportion PC/anionic phospholipid
used here is high enough not to affect the activity. These
results, together with those for ultracentrifugation studies
(Fig. 3), suggest that binding of a protein molecule by every
single phospholipid anionic group can exist but is not
sufficient to change the activity. The results are in agreement
with the idea that the activity alteration needs two- or
multipoint binding.
Probably, a change in the enzyme activity requires a more
specific steric fit (maybe mutual action of more than one
binding ionic pair, conformational change, substrate availabil-
ity, etc.), which can be achieved above the appropriate surface
charge density. Such conformational changes induced by
binding have already been shown for aldolase and glyceralde-
hyde-3-phosphate dehydrogenase interacted with lipid bilayer
[53,54]. Despite the difference in the structure and number of
potentially ionic groups between PS and CL, the difference in
the threshold values and effective molar ratio values for the
activity modification produced by PS/PC and CL/PC, observed
here, does not exceed several mol%.
LDH is a multitryptophan protein. Its molecule contains 6
tryptophans per subunit [55]. The observed steady state
fluorescence excited at 295 nm is an overall emission from all
the variously located tryptophanyl chromophores. This emis-
sion gives a symmetric, broad band with its maximum at a
wavelength of 345 nm. Such a position of the emission band
maximum locates the protein in the middle of the scale ofBurstein's classification of protein according to the tryptophan
location in the interior of the protein molecule [56]. Quenching
by the liposomes of the tryptophan residues exposed to aqueous
environment and to the ionic bonds would cause a “blue” shift
of the band maximum because the short-wavelength fluores-
cence of the hidden chrompohores, not accessible to the
interaction, would dominate. Here we do not observe any shift
of the band maximum. This suggests that the mechanism of the
quenching is complex (simultaneous quenching by direct
interaction and possible modification of the conformation).
We measured the quenching of the tryptophanyl fluorescence of
LDH by acrylamide. It is an effective dynamic quencher of
protein fluorescence and can be used as a probe of fluorophores
exposure changes [40]. In our case Stern–Volmer plots of the
quenching did not differ markedly from those in the presence
the studied phospholipids (not shown). Conformational changes
producing modifications in exposure to Trp residues still cannot
be excluded, since there may be a case where the net effect of
exposure modifications of many variously located fluorophores
is zero.
To verify with another method whether the conformational
change occurred the UV circular dichroism (UV CD) spectra
were measured. The CD spectra of LDH alone and in the
presence of a 100-fold molar excess of phospholipids at
pH=5.5 are presented in Fig. 10. Addition of PS or CL
liposomes resulted in differentiated modification of the
spectrum of LDH. The result strongly supports our conclusion
of conformational changes. Again, CL was more effective lipid
in the modification than PS.
Fig. 10. UV circular dichroism spectra of LDH (0.5 μM) alone and in the presence of phospholipids in 15 mM phosphate buffer, pH=5.5; (1) LDH; (2) LDH+PS, (3)
LDH+CL, protein:lipid molar ratio 1:100.
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phospholipid bilayers are those which are capable of functional
binding of the studied enzyme resulting, above all, from the
ionic bonds. Lack of any difference between the data obtained
in centrifugation experiments in the absence and in the presence
of nicotinamide-adenine dinucleotide indicates that both dimers
and tetramers are likely bound. The data from the three methods
used correlate pretty well. Nevertheless, a simple model of
unspecific electrostatic adsorption on the charged surface of the
bilayer is not adequate and sufficient here. The interaction is
more complex. Conformational properties (flexibility) of the
interacting protein and steric fit of the ionic groups of the
protein and phospholipid are involved, and make the binding
more specific. They are responsible for binding strength,
functional consequences and the diversity of the binding
among the different protein forms as well as phospholipids.
Specific protein behaviour (binding) at the lipid bilayer surface
is also determined by the type of lipid present and local
properties (depending on the lipid composition) of the surface
[57]. While the negative charges provided by phospholipid
ionizable groups can produce some binding, an appropriate
surface density and/or their specific configuration are necessary
to induce changes in the activity in the studied case. Despite the
differences in molecular structure between PS and CL, the two
kinds of phospholipids produced similar binding characteristics
(the observed differences are of a quantitative type). However,
the interaction with them produces markedly different confor-
mational modifications. In our opinion, the interaction with the
protein may influence the cardiolipin phosphate protons
mobility changing the net value of pKa. If both phosphate
groups of CL were fully ionized, and if they were in an
appropriate configuration for two-point binding with the protein
molecule, the binding would be expected to be insensitive to the
“dilution” in PC. In fact, the effect of CL on the activity, i.e., inthe case of the holoenzyme (Fig. 6), reveals a markedly different
function of the “dilution” than this of PS. While the effect of PS
is gradually diminished with the dilution with PC, the effect of
CL is much less sensitive up to a threshold value of the added
PC, and above that value the inhibition of the enzyme by CL
drastically decreases. Maybe the acidification of the non-acidic
phosphate group in CL depends on the environment parameters,
the interaction with particular proteins included.
Obviously, importance of such interactions and their
consequences for the enzyme properties in vivo cannot be
solved from the studies in vitro. Physiological bulk pH values in
cytosol of most animal cells are not favourable for the
interaction, but there is a possibility that the interaction can be
controlled by local and/or pathological conditions. PS and CL
are natural, acidic phospholipids which occur in mammalian
and human cell membranes. PS is widely distributed in
cytoplasmic membranes of various kinds of cells, mainly on
the cytosolic side, where it is most abundant among acidic
phospholipids [11,58]. Therefore, it is the most probable
phospholipid to form electrostatic membrane binding sites for
proteins in normal and pathological conditions [13]. Cardiolipin
is also a strongly acidic, exclusively mitochondrial membrane
phospholipid in normal animal cells. It is primarily localized in
the inner membrane of mitochondria [59]. However, small
amounts of this phospholipid were detected in the outer
membrane [60,61], mainly in its outer leaflet [62]. The
membrane sites abundant in such acidic phospholipids create
near-membrane zones a couple of nanometers thick, where pH
is below 6.5 in physiological states [14]. Strong pH effect of
near-membrane zones created by acidic phospholipids has been
shown for insulin and alpha-lactalbumin [43], which interact in
vitro with acidic phospholipids at pH<6.0 [15,16]. Those
proteins are able to form amyloid fibers when incubated with
PC/PS liposomes at pH 7.4 likely because of increasing
143G. Terlecki et al. / Biochimica et Biophysica Acta 1758 (2006) 133–144hydrogen ion concentration locally by anionic phospholipids
despite physiological bulk pH [43]. These results suggest that
PS and other acidic phospholipids could provide a physiological
low-pH environment on cellular membranes, enhancing protein
fibril formation in vivo [43]. To date, there has been no
sufficient explanation of the problem what is local pH in the
zone adjacent to the membrane in various pathological states
and how deep is the penetration of such zones into cytosol.
Similarly, little is known about the adjacent zones of a changed
environment around cell organelles. As a matter of fact, Okeley
and Gelb have shown that the amount of anionic phospholipid
in cytosol-facing internal membranes is smaller than in the
cytosol-facing leaflet of the plasma membrane, but still the
presence of anionic phospholipid forming such zones has not
been excluded [13].
Existence, stability and parameters of the local, adjacent to
the membrane, zones of changed pH depend on the lipid
composition of the membrane and can change with time. The
changes are slow enough to control the lipid–protein interac-
tion, which is a very fast process. Changes in pH in a cell
infected by a virus, for example, last up to several tenths of a
minute and while the bulk values in cytosol do not go down
below 7.0 [26], much lower local and temporary pH values must
be taken into account.References
[1] F.M. Clarke, C.J. Masters, On the association of glycolytic enzymes with
structural proteins of skeletal muscle, Biochim. Biophys. Acta 381 (1975)
37–46.
[2] C.J. Masters, Interactions between soluble enzymes and subcellular
structure, CRC Crit. Rev. Biochem. 11 (1981) 105–143.
[3] G.N. Pierce, K.D. Philipson, Binding of glycolytic enzymes to cardiac
sarcolemmal and sarcoplasmic reticular membranes, J. Biol. Chem. 260
(1985) 6862–6870.
[4] M.L. Sagrista, J. Bozal, Lactate and malate dehydrogenase binding to the
microsomal fraction from chicken liver, Biochimie 69 (1987) 1207–1215.
[5] A. Dąbrowska, J. Gutowicz, Adsorption of bovine muscle lactate
dehydrogenase to erythrocyte membranes, Gen. Physiol. Biophys. 9
(1990) 529–534.
[6] T.V. Esakova, M.V. Ivanov, Interaction of lactate dehydrogenase and
the sarcoplasmic reticulum membrane, Biokhimiia 57 (1992)
253–266.
[7] P. Marmillot, T. Keith, D.K. Srivastava, R. Knull, Effect of tubulin on the
activity of the muscle isoenzyme of lactate dehydrogenase, Arch.
Biochem. Biophys. 315 (1994) 467–472.
[8] V.I. Muronetz, N.A. Shcherbatova, N.K. Nagradova, Interaction of NAD-
dependent dehydrogenases with human erythrocyte membranes. Evidence
that D-glyceraldehyde-3-phosphate dehydrogenase and lactate dehydroge-
nase are catalytically active in a membrane-bound state, Appl. Biochem.
Biotechnol. 61 (1996) 39–46.
[9] M.C. Sanz, C. Lluis, Ambiquitous behavior of rabbit liver lactate
dehydrogenase, Experientia 44 (3) (1988 Mar. 15) 203–208;
Biochim. Biophys. Acta 1325 (1997) 108–116.
[10] M.E. Campanelle, H. Chu, P.S. Low, Assembly and regulation of a
glycolytic enzyme complex on the human erythrocyte membrane, Proc.
Natl. Acad. Sci. U. S. A. 102 (7) (2005) 2402–24007.
[11] A.H. Etemadi, Membrane asymmetry. A survey and critical appraisal of
the methodology: II. Methods for assessing the unequal distribution of
lipids, Biochim. Biophys. Acta 604 (1980) 423–475.
[12] P.F. Devaux, Static and dynamic lipid asymmetry in cell membranes,
Biochemistry 30 (1991) 1163–1173.[13] N.M. Okeley, M.H. Gelb, A designed probe for acidic phospholipids
reveals the unique enriched anionic character of the cytosolic face of the
mammalian plasma membrane, J. Biol. Chem. 279 (2004) 21833–21840.
[14] R. Kraayenhof, G.J. Sterk, H.W. Sang, Probing biomembrane interfacial
potential and pH profiles with a new type of float-like fluorophores
positioned at varying distance from the membrane surface, Biochemistry
32 (1993) 10057–10066.
[15] R.N. Farias, A.L. Vinals, R.D. Morero, Fusion of negatively charged
phospholipid vesicles by insulin. Relationship with lipid fluidity, J. Biol.
Chem. 261 (1986) 15508–15512.
[16] A.V. Agasoster, O. Halskau, E. Fuglebakk, N.A. Froystein, A. Muga, H.
Holmsen, A. Martinez, The interaction of peripheral proteins and
membranes studied with alpha-lactalbumin and phospholipid bilayers of
various compositions, J. Biol. Chem. 278 (2003) 21790–21797.
[17] W.J. Van Blitterswijk, G. De Veer, J.H. Krol, P. Emmelot, Comparative
lipid analysis of purified plasma membranes and shed extracellular
membrane vesicles from normal murine thymocytes and leukemic GRSL
cells, Biochim. Biophys. Acta 688 (1982) 495–504.
[18] E. Hietanen, K. Punnonen, R. Punnonen, O. Auvinen, Fatty acid
composition of phospholipids and neutral lipids and lipid peroxidation
in human breast cancer and lipoma tissue, Carcinogenesis 7 (1986)
1965–1969.
[19] K. Wells, A.A. Farooqui, L. Liss, L.A. Horrocks, Neural membrane
phospholipids in Alzheimer disease, Neurochem. Res. 20 (1995)
1329–1333.
[20] A. Waki, Y. Fujibayashi, Y. Yonekura, N. Sadato, Y. Ishii, A. Yokoyama,
Reassessment of FDG uptake in tumor cells: high FDG uptake as a
reflection of oxygen-independent glycolysis dominant energy production,
Nucl. Med. Biol. 24 (1997) 665–670.
[21] R.H. Xu, H. Pelicano, Y. Zhou, J.S. Carew, L. Feng, K.N. Bhalla, M.J.
Keating, P. Huang, Inhibition of glycolysis in cancer cells: a novel strategy
to overcome drug resistance associated with mitochondrial respiratory
defect and hypoxia, Cancer Res. 65 (2005) 613–621.
[22] K. Newell, A. Franchi, J. Pouyssegur, I. Tannock, Studies with glycolysis-
deficient cells suggest that production of lactic acid is not the only cause of
tumor acidity, Proc. Natl. Acad. Sci. U. S. A. 90 (1993) 1127–1131.
[23] M. Cutaia, N. Parks, Oxidant stress decreases Na+/H+ antiport activity in
bovine pulmonary artery endothelial cells, Am. J. Physiol. 267 (1994)
L649–L659.
[24] Y.L. Cho, K.S. Lee, S.J. Lee, S. Namkoong, Y.M. Kim, H. Lee, K.S. Ha,
J.A. Han, Y.G. Kwon, Y.M. Kim, Amiloride potentiates TRAIL-induced
tumor cell apoptosis by intracellular acidification-dependent Akt
inactivation, Biochem. Biophys. Res. Commun. 326 (2005) 752–758.
[25] M.C. Pedroso de Lima, S. Nir, D. Flasher, K. Klappe, D. Hoekstra, N.
Duzgunes, Fusion of Sendai virus with human HL-60 and CEM cells:
different kinetics of fusion for two isolates, Biochim. Biophys. Acta 1070
(1991) 446–454.
[26] M.R. Ciriolo, A.T. Palamara, S. Incerpi, E. Lafavia, M.C. Bue, P. De Vito,
E. Garaci, G. Rotilio, Loss of GSH, oxidative stress, and decrease of
intracellular pH as sequential steps in viral infection, J. Biol. Chem. 272
(1997) 2700–2708.
[27] A. Dąbrowska, J. Gutowicz, Interaction of bovine heart lactate
dehydrogenase with erythrocyte lipids, Biochim. Biophys. Acta 855
(1986) 99–104.
[28] A. Dąbrowska, G. Terlecki, J. Gutowicz, Interaction of bovine skeletal
muscle lactate dehydrogenase with liposomes. Comparison with the data
for the heart enzyme, Biochim. Biophys. Acta 980 (1989) 357–360.
[29] G. Terlecki, E. Czapinska, J. Gutowicz, The role of lipid phase structure in
the interaction of lactate dehydrogenase with phosphatidylserine. Activity
studies, Cell. Mol. Biol. Lett. 7 (2002) 895–903.
[30] G. Terlecki, J. Gutowicz, Further evidence for the importance of lipid
bilayers in the interaction between lactate dehydrogenase and phosphati-
dylserine, Cell. Mol. Biol. Lett. 7 (2002) 905–910.
[31] R.P. Rand, S. Sengupta, Structural studies by X-ray diffraction of model
phospholipid–insulin membranes, Biochim. Biophys. Acta 255 (1972)
484–492.
[32] W. Hubner, H.M. Mantsch, M. Kates, Intramolecular hydrogen bonding in
cardiolipin, Biochim. Biophys. Acta 1066 (1991) 166–174.
144 G. Terlecki et al. / Biochimica et Biophysica Acta 1758 (2006) 133–144[33] F.L. Hoch, Cardiolipins and biomembrane function, Biochim. Biophys.
Acta 1113 (1992) 71–133.
[34] A. Ortiz, J.A. Killian, A.J. Verklij, J. Wilshnut, Membrane fusion and the
lamellar-to-inverted-hexagonal phase transition in cardiolipin vesicle
systems induced by divalent cations, Biophys. J. 77 (1999) 2003–2014.
[35] M.M. Bradford, A rapid and sensitive method for the quantitation of
microgram quantities of protein utilizing the principle of protein-dye
binding, Anal. Biochem. 72 (1976) 248–254.
[36] H.U. Bergmeyer, E. Bernt, B. Hess, in: H.U. Bergmeyer (Ed.), Methods in
Enzymatic Analysis, Verlag Chemie, Weinheim, 1965, pp. 736–743.
[37] G.R. Bartlett, Colorimetric assay methods for free and phosphorylated
glyceric acids, J. Biol. Chem. 234 (1959) 466–468.
[38] R.C. MacDonald, R.I. MacDonald, B.Ph.M. Menco, K. Takeshita, N.K.
Subbarao, L. Hu, Small-volume extrusion apparatus for preparation of
large, unilamellar vesicles, Biochim. Biophys. Acta 1061 (1991)
297–303.
[39] M. Rytomaa, P.K.J. Kinnunen, Reversibility of the binding of cytochrome
c to liposomes. Implications for lipid–protein interactions, J. Biol. Chem.
270 (1995) 3197–3202.
[40] J. Lakowicz, Principles of Fluorescence Spectroscopy, Second edition,
Plenum Publishing, 1999.
[41] W.R. Burack, M.E. Gadd, L.R. Biltonen, Modulation of phospholipase A2:
identification of an inactive membrane bound state, Biochemistry 34
(1995) 14819–14828.
[42] I.H. Tsai, S.N. Murthy, T.L. Steck, Effect of red cell membrane binding on
the catalytic activity of glyceraldehyde-3-phosphate dehydrogenase, J.
Biol. Chem. 257 (1982) 1438–1442.
[43] H. Zhao, E.K.J. Tuominen, P.K.J. Kinnunen, Formation of amyloid fibers
triggered by phosphatidylserine-containing membranes, Biochemistry 43
(2004) 10303–10307.
[44] S.J. Lovell, D.J. Winzor, Effects of phosphate on the dissociation and
enzymic stability of rabbit muscle lactate dehydrogenase, Biochemistry 13
(1974) 3527–3531.
[45] X.C. Wang, L. Jiang, H.M. Zhou, Minimal functional unit of lactate
dehydrogenase, J. Protein. Chem. 16 (1997) 227–231.
[46] D. Marsh, Handbook of Lipids Bilayers, CRC Press, Boca Raton, FL,
1990.
[47] W.W. Christie, www.lipid.co.uk/infores/lipids.html.
[48] W.W. Christie, Lipid Analysis, The Oily Press Lipid Library, 2003.
[49] W.A. Susor, M. Kochman, W.J. Rutter, Heterogeneity of presumably
homogeneous protein preparations, Science 165 (1969) 1260–1262.[50] D.L. Weller, A. Heaney, R.T. Franceschi, R.E. Boudreau, D.E. Shaw,
Isoelectric focusing and study of ribosomal proteins and lactate
dehydrogenase, Ann. N.Y. Acad. Sci. 209 (1973) 258–280.
[51] S.M. Pettit, D.A. Nealon, A.R. Henderson, Purification of lactate
dehydrogenase isoenzyme-5 from human liver, Clin. Chem. 27 (1981)
88–93.
[52] M. Rytomaa, P.K.J. Kinnunen, Reversibility of binding of cytochrome C to
liposomes, J. B.C. 270 (1995) 3197–3202.
[53] J. Gutowicz, A. Kosmider-Schmidt, Fluorescence investigation on
conformational state of rabbit muscle aldolase interacting with phospha-
tidylinositol liposomes, Biophys. Chem. 27 (1987) 97–102.
[54] K. Michalak, J. Gutowicz, T. Modrzycka, Fluorescent probe studies on
binding of glyceraldehyde-3-phosphate dehydrogenase to phosphatidyli-
nositol liposomes. Further evidence for conformational changes, FEBS
Lett. 219 (1987) 233–238.
[55] H.H. Kiltz, W. Keil, M. Griesbach, K. Petry, H. Meyer, The primary
structure of porcine lactate dehydrogenase: isoenzymes M4 and H4,
Hoppe-Seyler's Physiol. Chem. 358 (1977) 123–127.
[56] E.A. Burstein, M.S. Vendenkina, M.N. Ivkova, Fluorescence and the
location of tryptophan residues in protein molecules, Photochem.
Photobiol. 18 (1973) 263–279.
[57] M. Langner, K. Kubica, The electrostatics of lipid surfaces, Chem. Phys.
Lipids 101 (1999) 3–35.
[58] A.J. Verkleij, R.F. Zwaal, B. Roelofsen, P. Comfurius, D. Kastelijn, L.L.
van Deenen, The asymmetric distribution of phospholipids in the human
red cell membrane. A combined study using phospholipases and freeze-
etch electron microscopy, Biochim. Biophys. Acta 323 (1973) 178–193.
[59] G. Daum, Lipids of mitochondria, Biochim. Biophys. Acta 822 (1985)
1–42.
[60] R. Hovius, H. Lambrechts, K. Nicolay, B. de Kruijff, Improved methods
to isolate and subfractionate rat liver mitochondria. Lipid composition of
the inner and outer membrane, Biochim. Biophys. Acta 1021 (1990)
217–226.
[61] A.I. de Kroon, D. Dolis, A. Mayer, R. Lill, B. de Kruijff, Phospholipid
composition of highly purified mitochondrial outer membranes of rat liver
and Neurospora crassa. Is cardiolipin present in the mitochondrial outer
membrane? Biochim. Biophys. Acta 1325 (1997) 108–116.
[62] R. Hovius, J. Thijssen, P. van der Linden, K. Nicolay, B. de Kruijff,
Phospholipid asymmetry of the outer membrane of rat liver mitochondria.
Evidence for the presence of cardiolipin on the outside of the outer
membrane, FEBS Lett. 330 (1993) 71–76.
